The physical and chemical properties of domain-domain interactions have been analysed in two-domain proteins selected from the protein classification, CATH. The twodomain structures were divided into those derived from (i) monomeric proteins, or (ii) oligomeric or complexed proteins. The size, polarity, hydrogen bonding and packing of the intra-chain domain interface were calculated for both sets of two-domain structures. The results were compared with inter-chain interface parameters from permanent and non-obligate protein-protein complexes. In general, the intra-chain domain and inter-chain interfaces were remarkably similar. Many of the intra-chain interface properties are intermediate between those calculated for permanent and non-obligate inter-chain complexes. Residue interface propensities were also found to be very similar, with hydrophobic residues playing a major role, together with positively charged arginine residues. In addition, the residue composition of the domain interfaces were found to be more comparable with domain surfaces than domain cores. The implications of these results for domain swapping and protein folding are discussed.
Introduction
Protein structural domains have been described as compact, local semi-independent units (Richardson, 1981) , and to date 14 518 structural domains have been defined in the CATH database (version 1.5; Orengo et al., 1997) . The domains in this hierarchical classification of proteins in the Brookhaven Protein Databank (Bernstein et al., 1977) have been assigned from the coordinates using a consensus approach (Jones et al., 1998) . This method uses a number of previously published algorithms (DOMAK, Siddiqui and Barton, 1995; PUU, Holm and Sander, 1994; DETECTIVE, Swindells, 1995) , and takes advantage of the elevated accuracy obtained when assignments from individual algorithms are in agreement. Previous work, conducted on the characterization of inter-chain protein-protein interactions in a number of different categories of complex (Jones and Thornton, 1995; Jones and Thornton, in press) , prompted the use of the same software tools to analyse the physical and chemical properties of domain-domain (intrachain) interactions. The current work expands the analysis and conclusions drawn from a dataset of multi-domain proteins by Argos (1988) .
The analysis of domain interfaces in two-domain protein chains from the CATH database is presented. The two domain structures were divided into two groups depending on whether they were derived from (i) monomeric proteins, or (ii) oligomeric or complexed proteins. Physical and chemical properties including size, hydrogen bonding, packing and residue propensities have been calculated for the intra-chain domain interfaces (interactions within monomers) for both datasets, and compared with those observed in inter-chain interfaces of two categories of protein-protein complexes (permanent and non-obligate). Permanent complexes include those proteins that only function in the complexed state, and are thus obligatory, e.g. oligomeric proteins. Non-obligate complexes are built from units that exist both as part of the complex and separately in the cell, e.g. enzymes and their inhibitors (Jones and Thornton, 1996) . Analysing intra-chain interfaces within monomers, and comparing them with the protein surface and interior may also provide an insight into the role played by domains in protein folding. In the process of folding of multi-domain proteins there are two possible pathways: (i) domains fold independently prior to forming the inter-domain interactions present in the complete protein, or (ii) domain folding and the formation of inter-domain interactions occur simultaneously. An analysis of the amino acid composition of domain interfaces compared with domain cores is conducted in the current work, to give some indication as to which pathway is the most likely.
Materials and methods

Dataset
This analysis is restricted to two-domain protein chains of which there are 2382 classified in version 1.5 of the CATH database (Orengo et al., 1997) . Using the CATH numbers assigned to different homologous families within the database, the two-domain proteins were divided into 151 nonhomologous families. Two domains from the same homologous family could be present more than once in the dataset if their domain partners were different in each case. When there was more than one member of a family, the protein with the best resolution was selected as the representative.
From preliminary observations of the proteins in this dataset it became apparent that many of the domains were also involved in other interactions, including contacts with other subunits of the same protein or nucleic acids (Figure 1 ). Hence, we categorized the proteins in the initial dataset into (i) monomers or (ii) oligomers or complexes, using information from the Macromolecular Structure Database (EBI-MSD)(PQS Server) at the EBI (http://msd.ebi.ac.uk). The two domain structures in our initial dataset were only classed as complexed if they were bound to another protein chain or nucleic acid. Those bound to small ligands such as ATP were not classed as complexed. On this basis, the initial dataset of two-domain proteins was divided into (i) 46 two-domain monomers, and (ii) 105 two-domain chains derived from oligomers or protein complexes. The PDB codes for these two datasets, and the datasets of protein-protein complexes [with which they are Arnez et al., 1995) . (b) T Cell antigen receptor (PDB code 1bec; Bentley et al., 1995) . (c) C-MYB DNA binding domain (PDB code 1mse; Ogata et al., 1994) . (d) Abrin-A hetero-dimer (PDB code 1abr; Tahirov et al., 1995) . In each diagram one monomer has one domain coloured red and one green. The remaining monomers or bound ligands are shown in grey. The DNA in (c) is shown in ball-and stick representation. compared (Table I) ] are listed at http://www.biochem.ucl.ac.uk/ bsm/domains.
Interface parameters were calculated for two domain chains from both monomeric and oligomeric/complexed proteins. The residue propensities and residue frequencies were calculated using only the dataset of monomeric proteins. Interface definitions Domain definitions were taken from CATH 1.5 (Orengo et al., 1997) (http://www.biochem.ucl.ac.uk/bsm/cath). Residues in one domain are defined as interface residues if they lost Ͼ1 Å 2 accessible surface area (ASA) on complexation with the second domain in the complete structure. In a small number of proteins 78 the only contact between domains was via a domain linker (most commonly a loop structure). In these cases the domain interface residues were still defined as described above, even if they represented only the contacts made in the domain linker.
Surface residues are defined as those residues that had a relative ASA of Ͼ5% (Miller et al., 1987) and that were not also defined as interface residues. Interior residues are defined as those residues that have a relative ASA of Ͻ5% (Miller et al., 1987) .
Interface parameters
The process of protein-protein recognition involves many physical and chemical factors including hydrophobic and 0.7 (0.5)
The two datasets of inter-chain interfaces are those used in our previous analysis (Jones and Thornton, in press ). Parameter definitions are included in the Materials and methods section.
electrostatic interactions, and shape complementarity. A series of interface parameters (ASA, planarity, segmentation, polarity, hydrogen bonds and gap volume index) were calculated in an attempt to quantity some of these factors. All parameters were calculated using a software tool previously used to analyse protein-protein interactions in homodimers (Jones and Thornton, 1995) . The six interface parameters were calculated for each domain interface from the monomeric and the oligomeric/complexed datasets. The parameter definitions are as follows: d ASA. This is the mean ASA buried by each domain. The ASA were calculated using an implementation of the Lee and Richards (1971) algorithm developed by Hubbard (1990) . d Planarity. The atomic r.m.s. deviation of all interface atoms from the least squares plane fitted through all interface atoms. d Sequence segmentation. The number of sequence segments in the protein interface was defined such that interface residues separated by more than five residues in a sequence were defined in different segments d Polarity. This is defined as Polarity ϭ (∆ASA (polar) /ASA (P) )ϫ100, where ∆ASA (polar) represents the ASA polar atoms of protein buried on complexation and ∆ASA (P) represents the ASA of protein buried on complexation with DNA. d Hydrogen bonding. The number of inter-molecular hydrogen bonds per 100 Å 2 ∆ASA were calculated using HBPLUS (McDonald and Thornton, 1994) , in which hydrogen bonds are defined according to standard geometric criteria. d Gap volume index. The gap volume between two protein monomers or two protein domains was calculated using the algorithm SURFNET (Laskowski, 1995) . The index is defined as
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Gap index (Å) ϭ gap volume (Å 3 )/interface ASA (Å 2 ) (per complex)
The mean and standard deviation for each parameter are shown in Table Ia , and the distributions of each are shown in Figure 2 . Means and standard deviations are also shown for a dataset of 36 permanent and 23 non-obligate protein-protein complexes (Jones and Thornton, in press) (Table 1b) .
Interface amino acid composition
Interface propensities were calculated to find the relative importance of different amino acid residues in the domain interface, compared with the domain surface as a whole. The propensities were calculated as in eqn 1.
Residue interface propensity AA j ϭ
where the terms are defined as follows: ∆nAA j (i), the sum of the number of amino acid residues of type j in the interface; ∆nAA(i), the sum of the number of amino acid residues of all types in the interface; ∆nAA j (s), the sum of the number of amino acid residues of type j on the domain surface; ∆nAA(s), the sum of the number of amino acid residues of all types on the domain surface; N i , number of residues in the domain interface; N s , number of residues in the domain surface. An interface residue propensity Ͼ1.0 indicates that a residue type is more prevalent in the domain interface than on the rest of the domain surface.
Amino acid frequencies were calculated for those residues in each of three locations within protein domains: (i) interface, (ii) interior and (iii) surface (Figure 3 ). The number of each amino acid type was calculated and divided by the number of residues in each location over the dataset.
Results
Domain interface parameters
Six interface parameters [interface size (in terms of ASA)], planarity, sequence segmentation, polarity, hydrogen bonding and packing) were calculated for two-domain proteins from 46 monomers and 105 oligomers or complexes (Table 1a ). The two distributions are different at statistical significance (P Ͻ 0.005) for two parameters; ASA and gap volume index.
The intra-chain interfaces in the monomeric two-domain proteins ranged in size from 260 Å 2 in factor H to 3580 Å 2 in heamocyanin. The intra-chain interfaces derived from oligomeric or complexed proteins ranged from 95 Å 2 in histidyltRNA synthetase (Figure 1a ) to 2813 Å 2 in peroxisomal thiolase. The domain pairs from the oligomeric and complexed two-domain proteins had a greater number of small interfaces compared with the monomeric dataset (Figure 2a) , with approximately 10% having interfaces of less than 250 Å 2 . Not one monomeric protein fell into this interface size category. This probably reflects the bias in the data for proteins that will crystallize. It is clear that there are many proteins in which domains are joined by flexible linkers and have little contact. Such proteins will be hard to crystallize unless complexed in some way to give a more stable structure.
The domain interfaces comprised, on average, between four and five segments, and had 0.9 inter-domain hydrogen bonds per 100 Å 2 of the interface. The percentage composition of polar atoms in the interfaces varied widely from 14 to 65%. The intra-chain interfaces derived from oligomeric or complexed structures are less well packed than those in the monomeric structures (with mean gap volume of 3.1 compared with 1.8). However, the calculation of the gap volume involves the generation of spheres to fill the gaps between the domains (see Materials and methods) and the volume of the sphere is influenced by edge effects at the periphery of the contact area. In structures with a very small interface (as observed in some of the intra-chain interfaces derived from oligomeric or complexed two-domain proteins) the edge effect is large and can lead to disproportionately large gap volume indices.
Interface parameters have previously been calculated for a dataset of 36 permanent and 23 non-obligate protein-protein complexes (Jones and Thornton, in press) (Table 1b) . In many respects the intra-chain interfaces are very similar to the interchain interfaces in these complexes, as all the parameter distributions overlap for all types of interaction. In terms of size and planarity the domain interfaces are more similar to the non-obligate complexes than the permanent complexes. In 80 terms of the polarity and inter-molecular hydrogen bonds, the domain interfaces are intermediate between the permanent and non-obligate subunit interfaces. The monomeric intra-chain interfaces are more closely packed than the inter-chain interfaces (both permanent and non-obligate), whilst those intrachain interfaces from oligomeric or complexed proteins are less well packed than both types of protein-protein interface.
Interface amino acid composition
The amino acid frequencies for the domain interfaces were compared with those on the protein surface and in the protein interior. Figure 3 reveals that the domain interfaces closely resemble the domain surface. The percentage amino acid distributions for the domain interfaces are significantly different from the protein interior (P ϭ 4.7ϫ10 -9 ), but not significantly different from the protein surface (P ϭ 0.43) using a χ 2 test. Specifically, domain interfaces contain charged and polar molecules at frequencies more commonly associated with domain surfaces.
The residue propensities for the domain interfaces are remarkably similar to those derived for permanent dimer interfaces (Jones and Thornton, 1996) [the correlation coefficient (r) is 0.73]. The majority of hydrophobic residues have interface propensities of greater than one, indicating their prevalence in both intra-and inter-chain interfaces. Arginine also plays an important role in both types of interface, being involved in the many inter-molecular hydrogen bonds that are present.
Discussion
The current work has characterized domain interfaces in terms of a number of chemical and physical properties. In general, the domain interfaces are very similar to those observed in inter-chain interfaces from protein-protein complexes.
The size of domain interfaces is an important factor in the definition of structural domains. In the evaluation of one automatic domain assignment algorithm (Islam et al., 1995) , the larger the domain interface the harder it was for the algorithm to make a correct domain assignment. Many domain assignment algorithms (including those by Holm and Sander, 1994; Islam et al., 1995; Siddiqui and Barton, 1995; Swindells, 1995) use different methods to find the assignment that has more intra-domain contacts than inter-domain contacts. Hence multidomain proteins with domains that have large interfaces make automatic assignments very difficult. The accuracy of domain assignment algorithms could possibly be increased by incorporating the interface properties analysed in the current work. The analysis of inter-domain hydrogen bonds, packing and residue content for domain assignments could be completed as part of a post-processing of domain definitions to give an indication of the reliability of the assignment (e.g. Siddiqui and Barton, 1995) .
The physical and chemical characteristics of domain-domain interfaces are intermediate between those calculated for permanent and non-obligate interfaces between chains (Jones and Thornton, 1996, in press ). Thus they are not as hydrophobic or as large as the permanent interfaces, but they are less polar with fewer hydrogen bonds than the non-obligate interfaces.
It is possible that the covalent linkage and proximity of these same-chain domains means that weaker, less specific noncovalent interactions are still sufficient to form a stable unit.
With this general similarity of interactions within monomers (intra-chain) and between monomers (inter-chain) it is not surprising that three-dimensional domain swapping (Bennett et al., 1995; Schlunegger et al., 1997) has been observed in the formation of some proteins. Three-dimensional domain swapping is a mechanism for forming oligomeric proteins from monomers, in which one domain of a monomer is replaced by the same domain from an identical protein chain. The end result is a dimer or higher oligomer with one domain of each subunit replaced by an identical domain from another subunit (Bennett et al., 1995) . There are many examples of this phenomenon, including diptheria toxin (Bennett et al., 1994) and the crystallins (Slingsby et al., 1991 (Slingsby et al., , 1997 . In such a mechanism, inter-domain interaction sites in the monomer are replaced by inter-subunit sites in the higher oligomer. For such a mechanism to work, these sites must have similar characteristics. Our present analysis has shown that this is true.
A knowledge of the characteristics of domain interfaces is also important for the understanding of protein folding and the design of novel proteins. The results presented here show that domain interfaces within proteins have amino acid compositions more comparable with domain surfaces than domain cores (Figure 3) . The presence of amino acid residues in surface-like proportions seems to support a folding pathway in which individual domains fold first, prior to collapse into a stable multi-domain structure. However, the complexities of protein folding for multi-domain structures have still to be revealed experimentally. What is clear is that, which ever pathway folding takes, domains represent discrete folding units, and the interactions between them make an important contribution to the overall stability of the protein structure.
